In this paper several boreal forest areas are considered, and microwave multifrequency properties of emission, measured by AMSR-E, are analysed. Selected areas are classified as forests by ECOCLIMAP data base. By considering multifrequency and multitemporal properties during one year, significant differences are observed among the areas. In particular late winter periods, showing deep dry snow layers, have been taken. In the frequency interval 10-37 GHz, the slope of the decreasing trend of emissivity vs. frequency shows a significant inverse correlation with branch biomass. The latter is estimated by using the Leaf Area Index (LAI), given by the same ECOCLIMAP, and allometric equations derived by the literature. This paper shows results of this experimental study. Results are interpreted by a semiempirical model. Snow emission is described by empirical models derived by literature, while the forest is described as a volume of dielectric cylinders, using routines able to compute cross sections. Keywords: microwave emission, forest, snow 
Introduction
Retrieving snow properties by means of multi-frequency radiometry is a fundamental application of microwave remote sensing. It is well known that the emissivity of dry snow shows a trend as a function of frequency which is markedly decreasing. In fact, an increase of the ratio between grain dimensions and wavelength produces an increase of scattering, while absorption is relatively low. This property is extensively used to identify snow covered areas, discriminate dry snow from wet snow and estimate the water equivalent (SWE) of dry snow [Pullianen et al., 1999; Macelloni et al., 2001; Kelly et al., 2003] . In particular, the frequency range between 10 GHz and 37 GHz is used. When applying these techniques to boreal regions, the performances of algorithms are reduced by forest coverage. Branches and coniferous leaves attenuate snow emission. Moreover, they introduce their own emission, which is scarcely dependent on frequency, so reducing the slope of the decreasing trend due to snow. In order to overcome these problems, SWE retrieval algorithms adopt simple correcting factors, based on an estimate of forest coverage fraction [Chang and Rango, 2000] . In parallel, forest monitoring is by itself another important objective of microwave remote sensing. A lot of experimental and theoretical efforts are finalized to investigate the capability of a low frequency radar to monitor forest biomass [Dobson et al., 1992; Imhoff, 1995] . Several results agree in indicating that there is a good sensitivity at lower biomass values, but saturation occurs at higher biomass values [Imhoff, 1995] . Promising results are being achieved by using interferometric processing, but there are problems due to perturbing factors, related to the variability of forest geometry. More recently, some investigations have considered the use of radiometry [Pampaloni, 2004] , especially at L band. Remarkable results can be obtained also in this case, but the contrast between forest emission and soil emission is generally low and is affected by perturbing factors, such as soil moisture, understory biomass and litter biomass. Getting an insight into the emission properties of dry snow covered by forests is important for various reasons. At high frequencies, in particular at 37 GHz, the emissivity of dry snow is low but increases in presence of forest coverage. The contrast between snow emission and forest emission is high, and perturbing effects due to soil properties, understory, etc. are absent. Therefore, there is the potential to investigate the correlation between the emissivity increase due to forest coverage and the forest biomass. Moreover, using the higher frequencies of microwave spectrum reduces the spatial resolution problems, which are particularly important for speceborne radiometers used for land applications. Of course, the overall emissivity depends both on forest properties and on snow properties, which are subject to a wide variability. However, if the analysis is limited to the higher latitudes and late winter observations, the variability is reduced by the presence of deep and dry snow. Forests located at higher latitudes (e.g. more than 60°) represent a significant fraction of world forest areas. Only few works have specifically considered this problem. A comprehensive analysis of multi-frequency emissivity measured by SSM/I over Finland was given by [Kurvonen et al., 1998 ]. An algorithm able to estimate forest coverage and stem volume was developed, and results were compared with ground truth. The best correlations with forest biomass were obtained in winter and on the Northern Finland, where snow was very deep, thus increasing the contrast between snow emissivity and forest emissivity. This paper shows an experimental investigation about the multifrequency emission of boreal forests. Signatures collected by the microwave AMSR-E radiometer [Lobl and Spencer, 2004 ] over 69 pixels 51x29 km 2 wide, belonging to various regions of boreal Taiga, are analyzed. Normalized frequency indexes, based on brightness temperatures measured at 10.7, 18.7 and 36.5 GHz, are related to pixel information made available by ECOCLI-MAP data base [Masson et al., 2003; Champeaux et al., 2004; ECOCLIMAP, 2006] . In particular, information about forest type and the annual trend of Leaf Area Index (LAI) are considered. LAI is used to derive a rough estimate of branch biomass, using the algorithm described by [Della Vecchia et al., 2006; Della Vecchia et al., 2007] . Results are interpreted using also information about snow depth, made available by meteorological offices, and air temperature.
Materials and methods

Radiometric data
The study is based on signatures collected by AMSR-E in year 2005. AMSR-E is a microwave spaceborne radiometer, collecting signatures at various frequencies, i.e. 6. 925, 10.65, 18.7, 23.8, 36 .5, and 89.0 GHz. The IFOV varies from 75x43 km 2 at 6.925 GHz to 5.9x3.5 km 2 at 89.0 GHz. The observation angle is equal to 55°. Details are given in [Lobl and Spencer, 2004] . The data have been analyzed by us with a sampling time of 15 days. Within the available products, resolution-2 data (51x29 km 2 resolution) have been used. 69 pixels of the boreal Taiga, including Siberia, Scandinavia, Canada and Alaska regions, have been selected. The work is based on data collected at 10.7, 18.7 and 36.5 GHz, which are useful to investigate the combined effects of snow emission and forest emission. For some pixels, the multitemporal trends of brightness temperature have been analyzed over the whole 2005 year. For all pixels, a time interval in late winter, between February 1 st and March 15 th , has been selected and the average values of normalized frequency indexes have been computed. Normalized frequency indexes are defined as:
[2] p indicates the polarization (H, horizontal or V, vertical) and T Bp (f) is the brightness temperature at polarization p and frequency f. Frequency indexes contain information about the decreasing trend of emissivity versus frequency due to snow emission, and the reduction in the slope of this decreasing trend due to forest emission. The use of frequency indexes does not require information about surface temperature, which could be affected by errors.
Ground data
All the selected 69 pixels are classified as forests by ECOCLIMAP. The same data base gives the percentages of coniferous and deciduous species. Coniferous species dominate in the selected pixels. A percentage of deciduous species, in the range 10%-30%, is present only in some Scandinavian pixels. ECOCLIMAP gives also the monthly averages of LAI, with a spatial resolution of 0.25°x0.25°. Basically, the LAI is obtained by processing the data collected by spaceborne optical sensors. The resulting values were validated against a large amount of in-situ ground observations, and the data of the ISLSCP2 database [Masson et al., 2003] . The objective of the study is to find correlations between the above defined frequency in-dexes and forest properties. Previous studies [Ferrazzoli and Guerriero, 1996] indicate that the emissivity and the attenuation of forest canopies are mainly due to branches. Therefore, it is important to get information about branch biomass. However, only a leaf variable, such as LAI, is available by ECOCLIMAP. This variable is used as a mean to give a rough estimate of branch biomass using the algorithm described in [Della Vecchia et al., 2006; Della Vecchia et al., 2007] . This algorithm is based on allometric equations available in the literature. Empirical formulas establish a linear relationship between LAI and leaf biomass. The coefficients of this linear relationship are given for both coniferous and deciduous trees. Leaf biomass, on its turn, is related to branch biomass by means of allometric equations. For coniferous forests, the overall procedure leads to the simple formula indicated below:
B is the total branch biomass, in t/ha. K B is a coefficient, which is assumed to be equal to 8 t/ha on the basis of the algorithm described in [Della Vecchia et al., 2007] .
The LAI given by ECOCLIMAP shows a seasonal cycle with maximum values occurring in July and minimum values occurring in January and February. For coniferous forests, the seasonal variations of LAI are mostly due to understory leaves, which are absent in winter.
Since the LAI to be used in [3] must include only arboreous leaves, without understory, the value of February has been considered. For the few pixels with a limited fraction of deciduous forests, the branch biomass has been computed using the simplified formula indicated below.
[4] 
Simple model interpretation
We have not attempted to give a complete physical description of the emission from surfaces covered by both snow and forests. On one side, this effort is critical, due to the complexity of the emitting processes and their interactions. Even more, a complete physical model requires several detailed inputs which cannot be available at global scale. However, a simple semiempirical model is useful, in that it gives an interpretation of the observed features and a rough estimate of the relative importance of forest emission with respect to snow emission. The emissivity of snow covered soil has been related to SWE using the empirical routine given in [Macelloni et al., 2000] .
[5]
θ is the observation angle. The coefficients are given in Table 2 . Forest emission has been assumed to be dominated by small, secondary branches. Previous simulations indicated that primary branches contribute scarcely at frequencies higher than 10 GHz [Ferrazzoli and Guerriero, 1996] . Using a zero order radiative transfer model, the emissivity of the medium can be described by:
κ a is the absorption coefficient and d is the depth of the vegetation layer. This model assumes branches to produce only absorption and forward scattering at higher frequencies, while upward scattering is negligible. Also this property is confirmed by previous detailed simulations over dielectric cylinders [Ferrazzoli and Guerriero, 1996] . The κ a d product can be computed by:
σ a is the absorption cross section of a single branch. It can be computed using the routine described in [Ferrazzoli and Guerriero, 1996] , and assuming secondary branches to be cylinders with the following properties. 
Results
Temporal trends
Two examples of temporal trends of brightness temperature, for the whole 2005 year, are shown in Figure 1 , for a Siberian pixel (latitude 63.0°-63.25°, longitude 98.25°-98.5°), and Figure 2 , for a Scandinavian pixel (latitude 65.0°-65.25°, longitude 26.5°-26.75°). In both cases, three frequency channels have been selected, i.e. 10.7 GHz, 18.7 GHz and 36.5 GHz, which are the most suitable to monitor snow covered surfaces. The horizontal polarization has been considered. Figure 1 shows a behavior which is typical of snow covered surfaces. In winter, the brightness temperature decreases with frequency, particularly in the range between 18 and 37 GHz. In absence of snow, the trend of brightness temperature vs. frequency is slightly increasing. The presence of the forest does not eliminate the snow features. The seasonal effect is observed also in Figure 2 , for the Scandinavian site. However, here the winter feature is less evident than in Figure 1 , since the brightness temperatures of different frequency channels are closer to each other. Ground data of Table 1 indicate that the snow layer was thick in both sites, but the Scandinavian forest was denser than Siberian one. Therefore, this different behavior of Figure 2 trends can be attributed to a higher forest component in the overall emission. Figures 1 and 2 indicate that the time period from Day of Year (DoY) 30 to Day of Year 75 clearly shows the dry snow behavior, attenuated by forest effect. At the end of March (DoY 90) the emissivity still decreases with frequency. However, the air temperature is higher in all sites and the melting process is near. These samples have not been included in the regression analysis of next Section. The brightness temperatures have been averaged from DoY 30 to DoY 75. For the same pixels of Figures 1 and 2 , the multitemporal trends of frequency indexes are shown in Figures 3 and 4 , respectively. All the four indexes defined in formulas [1] and [2] are reported. A strong variation due to snow melting, which occurs in April, is evident in all plots. All frequency indexes are positive in the winter time, due to the presence of snow. However, the difference between the two sites is evident also in these figures, since in winter time the frequency indexes of Figure 4 are lower than the ones of Figure 3 .
Regression analysis
The average values of frequency indexes in the time interval between DoY 30 and DoY 75 have been computed and plotted against branch biomass. The latter has been estimated using LAI values measured in February and the formulas described in the Section "Materials and methods", Subsection "Ground data". Figure 5 shows FI 1H as a function of branch biomass, with different codes selected on the basis of the snow depth. In general, the highest frequency indexes correspond to Siberian areas, while the samples with the lowest frequency indexes correspond to Scandinavian areas, and a few Canadian areas. The samples of Alaska show intermediate values. The snow depths lower than 50 cm correspond mostly to Canadian samples. For these samples, which have latitudes lower than 60° and values of air temperature often higher than -5 C, the correlation between frequency index and branch biomass is poor. Most probably, this result is related to a not complete fulfilment of the assumption of deep dry snow. Table 3 shows the correlation coefficients, computed as a function of the estimated branch biomass. The computation has been made again after removing the samples below a threshold of 60° in latitude and 50 cm in snow depth. A significant improvement is obtained by setting this threshold, since the dispersion due to variations of snow properties is reduced. 
Model simulations
Using the simple model described in the previous Section, we have simulated the trend of FI 1H as a function of branch biomass. Results are shown in Figure 6 . The variable V of (7) has been assumed to be equal to 30% of the overall branch volume, which is reported on Figure  6 and the experimental values of Figure 5 . Figure 6 also indicates that the effects of SWE variations become small when it is of the order of 150-200 mm, which corresponds to a snow depth of about 50 cm, i.e. the value used as a threshold to obtain the best correlation coefficients in the experimental data. An interpretation of the results is given by Figure 7 , which shows the single components of emissivity at 10.7 GHz and 36.5 GHz. At both frequencies, the branch contribution increases with volume, as expected, but saturation is not yet reached for values of the order of 25-30 t/ha, although they correspond to a dense branch canopy. This aspect could be interesting for applications, but needs to be further investigated.
Conclusions
The multitemporal trends of brightness temperature, measured by AMSR-E over 69 pixels of boreal forests, have been analyzed. An inverse correlation has been obtained between frequency indexes measured in the late winter and branch biomass. The correlation is good for the samples characterized by latitudes higher than 60°, snow depths higher than 50 cm, and air temperatures lower than -10 C. For some Canadian samples which do not fulfill these requirements, the correlation is poor. The trends of frequency index vs. branch biomass are reproduced by a semiempirical model considering small dielectric cylinders over dry snow.
